The vocal tract length (VTL) of a speaker is an important voice cue that aids speech intelligibility in multi-talker situations. However, cochlear implant (CI) users demonstrate poor VTL sensitivity. This may be partially caused by the mismatch between frequencies received by the implant and those corresponding to places of stimulation along the cochlea. This mismatch can distort formant spacing, where VTL cues are encoded. In this study, the effects of frequency mismatch and band partitioning on VTL sensitivity were investigated in normal hearing listeners with vocoder simulations of CI processing. The hypotheses were that VTL sensitivity may be reduced by increased frequency mismatch and insufficient spectral resolution in how the frequency range is partitioned, specifically where formants lie. Moreover, optimal band partitioning might mitigate the detrimental effects of frequency mismatch on VTL sensitivity. Results showed that VTL sensitivity decreased with increased frequency mismatch and reduced spectral resolution near the low frequencies of the band partitioning map. Band partitioning was independent of mismatch, indicating that if a given partitioning is suboptimal, a better partitioning might improve VTL sensitivity despite the degree of mismatch. These findings suggest that customizing the frequency partitioning map may enhance VTL perception in individual CI users. V C 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/1.5041261 [JFL] Pages: 3505-3519
I. INTRODUCTION
In individuals with profound sensorineural hearing loss, functional hearing can be restored with the help of a multichannel cochlear implant (CI): a neural prosthetic device that electrically stimulates the auditory nerve fibres. Currently, while speech perception in quiet is usually good for most CI users (Blamey et al., 2012; Dowell et al., 1986; Tyler et al., 1988) , a major challenge lies in understanding speech in the presence of another competing talker (e.g., Pyschny et al., 2011; Stickney et al., 2004) . In contrast, normal hearing (NH) listeners can understand speech relatively well in such situations, which has been shown to be linked, in part, to the voice differences between target and masking speakers (e.g., Brungart, 2001; Festen and Plomp, 1990; Stickney et al., 2004) . In those studies, target recognition scores were found to improve when the gender of the masking speaker was different from that of the target, compared to the baseline conditions where the target and masker were either the same speaker or were of the same gender. Such voice differences between speakers can be decomposed largely along two dimensions, namely, the voice pitch and the vocal tract length (VTL). The voice pitch is the perceptual correlate of the fundamental frequency (F0) that arises from the glottal pulse rate, while the VTL dimension is correlated with body size, and hence gives cues to the size of the speaker (Evans et al., 2006; Fitch and Giedd, 1999; Ives et al., 2005; . Manipulating both of these cues together was found to elicit a change in perceived speaker gender (Hillenbrand and Clark, 2009; Skuk and Schweinberger, 2014; . In addition, increasing the difference in F0 (Assmann and Summerfield, 1990; Brokx and Nooteboom, 1982; Darwin et al., 2003; Drullman and Bronkhorst, 2004; Lee and Humes, 2012) , VTL Darwin et al., 2003) , or both Darwin et al., 2003; Vestergaard et al., 2009 ) between target and masking speakers was shown to yield a systematic increase in target sentence identification scores for NH listeners. On the other hand, no release from masking for CI users was observed when either F0 (Pyschny et al., 2011; Stickney et al., 2007) , VTL (Pyschny et al., 2011) , or both (Pyschny et al., 2011) were varied between target and masking speakers, or when completely different speakers were used as target and masker (Stickney et al., 2004) .
The inability of CI users to benefit from F0 and VTL differences may arise from their abnormal perception of these two cues. For example, not only do CI users demonstrate poor sensitivity to differences in both F0 and VTL compared to NH listeners (Gaudrain and Başkent, 2018) , but they are also unable to use the latter to correctly judge a speaker's gender (Fuller et al., 2014; Meister et al., 2016) .
This reduced sensitivity to F0 and VTL differences may be attributed to the poor spectral resolution in the implant (Friesen et al., 2001; Fu et al., 1998; Henry and Turner, 2003; Winn et al., 2016) , which is likely more detrimental to VTL cues than to F0 (Gaudrain and Başkent, 2015) . This is because VTL information is mainly represented by the formant peaks in the spectral envelope of the signal (Chiba and Kajiyama, 1941; Fant, 1960; Lieberman and Blumstein, 1988; M€ uller, 1848; Stevens and House, 1955) , as opposed to F0 cues, which were shown to be encoded both in the temporal envelope and the corresponding place of stimulation along the cochlea (e.g., Carlyon and Shackleton, 1994; Licklider, 1954; Oxenham, 2008) .
Effective spectral resolution in the implant can be dictated by a number of factors, including the amount of channel interaction, the effective number of spectral channels, and the resolution of the frequency band partitioning map (for a review, see . Channel interaction occurs due to current spread between neighbouring electrodes (e.g., Bo€ ex et al., 2003; De Balthasar et al., 2003; Hanekom and Shannon, 1998; Shannon, 1983; Townshend and White, 1987) , which results in reducing the number of effective spectral channels. It was suggested that CI users have no more than 8 effective spectral channels, as opposed to NH listeners, who have up to 20-24 effective spectral channels under vocoded conditions (Friesen et al., 2001; Qin and Oxenham, 2003) . Both increased channel interaction and reduced number of effective channels were found to negatively impact not only speech and phoneme perception (e.g., Friesen et al., 2001; Fu and Shannon, 2002; Qin and Oxenham, 2003) , but also VTL sensitivity under vocoder simulations (Gaudrain and Başkent, 2015) .
The frequency band partitioning map is used to quantize the spectral information received by the implant into a number of contiguous channels. The information in each channel is usually delivered to a separate electrode in the stimulating array, which determines the resolution (number of electrode channels) dedicated to the specified frequency range. To minimize trauma while maintaining sufficient stimulation of surviving auditory nerve fibres, electrode arrays are seldom inserted more than 2.6 rounds into the cochlea (Skinner et al., 2007) . This means that the frequency corresponding to the location of the most apical electrode falls between about 250 Hz and 870 Hz, depending on the cochlear dimensions, electrode array length, and insertion depth (Franke-Trieger and M€ urbe, 2015; Skinner et al., 2007) . Consequently, if the frequency partitioning map fully matches the frequencies corresponding to electrode locations, low-frequency information important for speech intelligibility would be lost (Başkent and Shannon, 2004) , especially for cases in which the most apical electrode location corresponds to around 800 Hz. Conversely, if the full typical range of the frequency partitioning map (from around 200 Hz to 8 kHz) is allocated to the electrodes, speech intelligibility would also be impaired (Başkent and Shannon, 2004) . This inevitably yields a frequency mismatch between the frequencies received by the implant and those corresponding to actual places of stimulation along the cochlea.
The degree of mismatch differs across CI users due to the variability in cochlear dimensions (Avci et al., 2014; van der Marel et al., 2014) and electrode array designs and their corresponding insertion depths (Finley et al., 2008) . However, in clinical practice, the frequency band partitioning maps are seldom customized for each individual CI user (Fitzgerald et al., 2013; Landsberger et al., 2015; Tan et al., 2017; Venail et al., 2015) . A number of studies have suggested optimizing the frequency band partitioning map in implant processing to help alleviate the negative effects of frequency mismatch, and hence improve performance on a number of tasks, such as melodic pitch perception (Di Nardo et al., 2011; Omran et al., 2011) , phoneme recognition Shannon, 1999a, 2002; Leigh et al., 2004; McKay and Henshall, 2002) , and speech intelligibility (Fitzgerald et al., 2013; Grasmeder et al., 2014; McKay and Henshall, 2002) .
The aim of the present study was to assess the impact of frequency mismatch and band partitioning on VTL sensitivity, using acoustic vocoder simulations of CI processing with NH listeners. These vocoder simulations (Dudley, 1939; Fu and Shannon, 1999b; Gaudrain and Başkent, 2015; Shannon et al., 1995; Shannon et al., 1998) were used to better specify the parameters in each frequency mismatch and band partitioning setup, as these would be difficult to control for in actual CI users (Fitzgerald et al., 2013) . Just-noticeable-differences (JNDs) for VTL were collected as a measure of sensitivity following the protocol described by Başkent (2015, 2018) .
Frequency mismatch and band partitioning were studied by addressing three research questions, to each of which a separate experiment was dedicated. The first research question, addressed in experiment 1, was whether simulating a simple frequency mismatch by introducing a shift between the vocoder analysis and synthesis filters would affect the VTL JNDs. This was motivated by the findings of Shannon et al. (1998) , which showed that simulated frequency shift impaired vowel recognition; a stimulus type that likely has cues that are affected in a similar manner to those of VTL. This is because the representation of both vowel differences and VTL cues lies in the structure of formant frequencies. Thus, the hypothesis for this experiment was that the larger the simulated mismatch (shift) between the analysis and synthesis filters, the worse the VTL sensitivity would become.
The second research question, addressed in experiment 2, was whether the choice of frequency band partitioning would affect VTL JNDs when no frequency mismatch is present. This was crucial to test, because if band partitioning had an effect on VTL JNDs, then this would imply that optimal band partitioning may have the potential to mitigate the detrimental effects of frequency mismatch on VTL sensitivity. The hypothesis was that a band partitioning scheme, which dedicates a larger number of bands to the lower frequency components (higher spectral resolution), would better transmit formant frequencies, where VTL cues are encoded. Hence, this band partitioning scheme is expected to improve VTL sensitivity compared to a band partitioning with a lower spectral resolution at the lower frequencies. A similar finding was reported by Shannon et al. (1998) such that higher spectral resolution near the lower frequencies yielded better vowel recognition scores.
The final research question, addressed in experiment 3, was related to the combined effect of both frequency mismatch and band partitioning in a more realistic simulation of CI processing. This was done to investigate whether indeed a frequency partitioning map with sufficient spectral resolution in the lower frequencies would help preserve VTL cues, irrespective of the severity of the frequency mismatch.
II. GENERAL METHODS

A. Stimuli
The stimulus design was identical to that previously used by Gaudrain and Başkent (2015) . Speech material was taken from the Nederlandse Vereniging voor Audiologie (NVA) corpus (Bosman and Smoorenburg, 1995) , which is a collection of lists of meaningful monosyllabic consonant-vowelconsonant (CVC) Dutch words uttered by a female speaker. Sixty-one consonant-vowel (CV) syllables, with a duration between 142 ms and 200 ms, were manually extracted from the list of NVA words. Co-articulation between the vowel and final consonant in the original CVC file was minimized by applying a cosine offset ramp of 60 ms to the end of the extracted syllable. Moreover, a cosine onset ramp of 5 ms was applied to the beginning of the syllable to make it sound more natural and to avoid spectral splatter. The finalised CV syllable list consisted of combinations of the consonants [b, d, f, k, l, m, n, p, r, s, t, V, x, z] and vowels [E, a+, e+, o+, Y, A, i, u, O, I] , and was equalised in root-mean-square (rms) intensity. The duration of each syllable was normalised to 200 ms using STRAIGHT .
For all three experiments, the stimuli in each trial were created by randomly selecting 3 different CV syllables from the available list of 61 syllables and stringing them together with a 50 ms inter-syllable interval to form a triplet. In each trial, a new triplet of syllables was formed, but within a trial, the same triplet of syllables was presented three times with a silent gap of 250 ms between each presentation. Only one of these three presentations had a different VTL (processed using STRAIGHT) relative to the other two identical presentations, while the average F0 over each presentation was held constant. Hence, the procedure was an adaptive "odd-oneout," i.e., a three-interval, three-alternative forced choice task (3I-3AFC), where the participant had to select the interval (triplet) that had a different VTL relative to the other two. All three triplets were resynthesized by STRAIGHT, even when F0 and VTL were not changed relative to the original female voice. Figure 1 shows how VTL was manipulated in this study, where DVTL is the ratio expressed in semitones (st) between VTL of the synthesized speaker and that of the original speaker. Shortening (elongating) VTL translates into stretching (compressing) the spectral envelope of the signal relative to the original. Thus, in order to realize changes in VTL, STRAIGHT manipulates the spectral envelope of the synthesized signal in relative changes with respect to the original (Patterson and Smith, 2003; .
B. Apparatus
All three experiments were conducted in a soundattenuated booth, and stimuli were presented through HD600 headphones (Sennheiser GmbH and Co., Wedemark, Germany) via an AudioFire4 soundcard (Echo Digital Audio Corp, Santa Barbara, CA) connected to a DA10 D/A converter (Lavry Engineering, Poulsbo, WA) through Sony/ Philips Digital Interface. The output from this setup was calibrated to a level of 65 dB sound pressure level (SPL) (except for experiment 1, which was calibrated to 60 dB SPL) using a KEMAR head and torso assembly Type 45BA (G.R.A.S. Sound and Vibration, Holte, Denmark). All signal processing and stimulus presentations were performed in MATLAB R2014b (The Mathworks, Natick, MA) using a sampling frequency of 44.1 kHz, and all data analyses were done in R (R Core Team, 2014).
C. Vocoder simulations
Noise-band vocoders (Dudley, 1939; Shannon et al., 1995) were used in this study to acoustically simulate CI processing. The frequency-to-electrode allocation map in a typical CI processing pathway was modeled by the vocoder analysis filters. The frequency mismatch in the implant was modeled by the differences in frequency band setups between the vocoder analysis and synthesis filters (e.g., as was done by Shannon et al., 1998) . Vocoding was implemented by extracting the temporal envelope from each analysis filter band by half-wave rectification and low-pass filtering at a cutoff of 300 Hz using a zero-phase, fourthorder Butterworth filter. These envelopes were used to modulate a white noise carrier signal, which were then filtered by the set of synthesis filters after modulation. The vocoded signal was obtained by summing the modulated output from all frequency bands. Figure 2 depicts the analysis and synthesis filter settings for each experiment.
Analysis filters
The analysis bandpass filters were implemented using zero-phase Butterworth filters, whose order (slope) differed across experiments. In experiment 1, 12 filter bands of fourth-and eighth-order were used to simulate the effect of channel interaction. Both analysis and synthesis filters were given the same filter order for a given condition. This choice of filter orders was based on data from Gaudrain and Başkent (2015) , which showed that shallower filters, simulating larger channel interaction, yielded VTL JNDs that were close to those obtained from actual CI users (Gaudrain and Başkent, 2018) . It is expected that frequency shift might play a larger role with sharper filters than with shallower filters because shallow filters effectively become more similar to each other, which should manifest as an interaction effect between filter order and frequency shift. In experiments 2 and 3, 16 analysis filter bands of 12th-order were used instead because pilot data revealed that 4th-and 8th-order filters, when combined with the synthesis filter models used in experiment 3, yielded unrealistically large VTL JNDs compared to those of actual CI users (Gaudrain and Başkent, 2018) .
The parameters for band partitioning were determined based on previous work on optimizing frequency band partitioning for a range of tasks (e.g., Shannon, 2004, 2005; Fitzgerald et al., 2013; Shannon, 1999b, 2002; McKay and Henshall, 2002; Shannon et al., 1998) . The maps used in those studies (replotted in the Appendix) varied between either a logarithmic-like (Greenwood-like) partitioning or a purely linear partitioning. The Greenwood formula, reproduced as Eq. (1) (Greenwood, 1990) , describes the logarithmic-like relationship between a given location, x (in millimetres), along the human basilar membrane relative to the average length of the cochlea, C, and its corresponding tonotopic frequency, F, in Hertz,
(1)
The parameters in Eq. (1) were set to A ¼ 165.4, a ¼ 0.06, and k ¼ 0.88 based on those provided by Greenwood (1990) for a human cochlea. The average cochlear length, C, was set to the typical value of 35 mm (e.g., as was done by Shannon, 2004, 2005; Fu and Shannon, 1999b) . The subscript i refers to the ith cut-off frequency. VTL modification affects all frequencies by the same ratio, i.e., it is a pure translation on a log-frequency axis. Because the natural frequency-place relationship is not perfectly logarithmic (as shown by the "-k" in Greenwood's formula), a VTL shift does not result in a uniform translation in terms of place of stimulation. Hence, frequency mismatch in the implant can be expected to impair VTL cues, which may be addressed by adjusting the frequency partitioning map. Compared to a logarithmic-like or Greenwood partitioning, linearly partitioned maps have fewer channels dedicated to the lower frequencies, hence, would be expected to smear the formant peaks in that frequency range, leading to a distortion in VTL cues. Thus, in this study, a partitioning based on the Greenwood formula and a linear partitioning were chosen for the analysis filters based on the literature. Additionally, two more maps were chosen based on what is available in actual clinical devices in order to have a measure of how well these maps can convey VTL cues in simulation. One of these clinical maps was based on the Advanced Bionics (AB) HiRes 90 K map (St€ afa, Switzerland/Valencia, CA), and the other on Frequency Table 22 from Cochlear (Macquarie University Sydney, NSW, Australia).
The overall frequency range of the analysis filters of the frequency partitioning maps differed across experiments. In experiment 1, the analysis filters covered the range between 150 Hz and 7000 Hz and were partitioned into 13 bands in equal simulated cochlear distance according to the Greenwood function (Gaudrain and Başkent, 2015) . In experiments 2 and 3, the analysis filters covered the frequency range from 250 Hz to 8700 Hz. This change was made so that all maps eventually used in experiment 3 would cover a frequency range similar to the standard map assigned to the electrode array model used for designing the synthesis filters (see Sec. II C 2). In experiment 2 the analysis filters were partitioned once according to Greenwood (as was done in experiment 1) and once using linear spacing. The linear map was obtained by taking 17 linearly spaced points along the frequency scale between 250 Hz and 8700 Hz. In experiment 3, the same Greenwood and linear maps defined in experiment 2 were used, and the HiRes and Cochlear maps were added. The HiRes 90 K implant model was chosen because it is rather common, and thus would serve as a reasonable simulation. This map has 17 cut-off frequencies (16 channels) between 250 Hz and 8700 Hz. Because the Cochlear map has 22 channels with 23 cutoffs between 188 Hz and 7938 Hz, it was compressed to 16 channels by linearly interpolating the cut-off frequencies between 188 Hz and 7938 Hz at 17 equally spaced points. This was done to prevent potential advantages in JNDs that may result from a larger number of channels (and thus a higher spectral resolution).
Synthesis filters
Across experiments, frequency mismatch was simulated by introducing differences between the analysis and synthesis filters. In experiment 1, the synthesis filters were derived from the analysis filters by basally shifting all the frequencies by 0, 2, 4, and 6 mm relative to a 35-mm-long cochlea (Başkent and Shannon, 2005; Finley et al., 2008; Fitzgerald et al., 2013; Fu and Shannon, 1999b) , as shown in panel 1 of Fig. 2 . In experiment 2, because only the effect of frequency partitioning without mismatch was of interest, the synthesis filters were kept identical to the analysis filters under each condition (see panel 2 of Fig. 2) . In experiment 3, the synthesis filters were designed to more closely model the maps in realistic CI systems, using dimensions from actual implants. These synthesis bandpass filters were created using 16 zero-phase fourth-order Butterworth filters to account for the effect of spread of excitation, with centre frequencies computed via Eq. (1),
For the synthesis filters, x i in Eq.
(1) was computed as shown in Eq.
(2) (Fu and Shannon, 1999b) , and represents the position corresponding to the centre of the ith simulated electrode along the 35-mm-long basilar membrane. x 0 represents the position of the first electrode in the simulated array from the base of the cochlea, d represents the inter-electrode spacing centre-to-centre, and i represents the simulated electrode number. The parameters for this equation were based on the dimensions of the 24.5-mm-long AB HiFocus Helix electrode array (Sylmar, 2005) , which belongs to a family of electrode models under the HiRes 90 K implant. The AB HiFocus Helix array was specifically chosen here because its dimensions yield a model that is comparable to the one used by Fu and Shannon (1999b) , and thus gives a reference to which the current model proposed here can be compared. Two possible electrode array insertion depths were determined from the locations of the proximal and distal markers; inserting the electrode array up to the proximal marker yields an insertion depth of about 21.5 mm from the base of the cochlea, while inserting it up to the distal marker yields an insertion depth of around 18.5 mm (Sylmar, 2005) . The position of the first simulated electrode, x 0 , was computed by subtracting the length of the active contact area of the array (15.5 mm), where the stimulating electrodes lie, from these two possible insertion depths. This yielded values for x 0 of either 6 mm for an array inserted up to the proximal marker, or 3 mm for an array inserted up to the distal marker. These two conditions are referred to as minimal shift and maximal shift, respectively, in the rest of this paper. In Eq. (2), the inter-electrode spacing, d, was set to 0.85 mm, as defined in the surgical manual (Sylmar, 2005) .
The cut-off frequencies of the synthesis filters (x cutoff in Fig. 2) , were defined by the frequencies corresponding to the mid-distance point between the electrode centres (computed Each JND for a given run was obtained using a twodown one-up adaptive procedure, yielding 70.7%-correct on the psychometric function (Levitt, 1971) . The initial trial started at a VTL difference of 12 st between reference and target triplets along either VTL manipulation type (i.e., elongating or shortening VTL). The reference voice was always that of the original female speaker. After each two successive correct responses, the absolute VTL difference between the reference and target triplets decreased by a step size of 4 st. After a single incorrect response, the VTL difference was increased by the same step size. If the VTL difference became smaller than twice the step size, the step size was reduced by a factor of ffiffi ffi 2 p . The run terminated after eight reversals, and the JND was calculated as the mean VTL difference, in st, between the target and reference triplets obtained in the last six reversals. The run stopped automatically after 150 trials if the algorithm had not converged by then, and the measurement was discarded.
Training was provided for 15 min at the beginning of the first session with the purpose of familiarizing participants with the test procedure. In the training phase, the two VTL manipulations were used, in addition to two vocoder settings, forming a total of four conditions. These four conditions were presented in a pseudo-random order, with visual feedback showing the participant whether the interval they selected was correct or not. This type of feedback was also provided during actual testing. Each training run was programmed to end after only six trials, irrespective of whether the adaptive procedure converged or not.
III. EXPERIMENT 1: EFFECT OF FREQUENCY SHIFT AND FILTER ORDER ON VTL JNDS
The effect of frequency mismatch on VTL JNDs in vocoder simulations was investigated by introducing a place shift between the analysis and synthesis filters of the vocoder. Because channel interaction [simulated as vocoder filter order (slope)] was shown in previous simulation studies to influence both vowel identification and VTL JNDs (Gaudrain and Başkent, 2015) , it was also investigated in this experiment for possible interactions with frequency shift. The expectations were that VTL JNDs would worsen as the frequency shift and simulated channel interaction increased.
A. Methods
Participants
Fifteen NH listeners, aged 19-40 years old (l ¼ 25.1 yr, r ¼ 5.9 yr), participated in this experiment. Amongst the 15 participants, 12 had already taken part in similar experiments (Gaudrain and Başkent, 2015) . Their audiometric thresholds were tested at octave frequencies between 250 Hz and 8000 Hz and found to be all below 20 dB hearing level (HL). All participants had no history of hearing disorders, dyslexia, or attention deficit hyperactivity disorder, were generally in good health, and were either native Dutch speakers, or had Dutch as one of the languages used in their daily childhood environment. Participants provided signed informed consent prior to data collection, and the entire study protocol was approved by the ethics committee of the University Medical Center Groningen (METc 2012.392) . Finally, all participants received an hourly wage for their participation, in accordance with the department guidelines.
Procedure
The procedure was as described in Sec. II (General Methods), with the following additional details. A total of 16 experimental conditions were administered: 2 types of VTL manipulations (elongating and shortening VTL) Â 2 filter orders (4, 8) Â 4 frequency shift values (0, 2, 4, 6 mm). Each condition was repeated twice for a total of 32 runs, which were randomly split into two sessions of 16 runs each. Each session lasted for 2 h and was conducted on a separate day. Figure 3 shows the distribution of VTL JNDs across all participants as a function of frequency shift and filter order. The horizontal dashed line in Fig. 3 shows the typical VTL difference between a male and a female voice as used for the gender categorization experiment by Fuller et al. (2014) . For the sharper filters (eighth-order), when the analysis and synthesis filters were aligned, most of the participants in the current study were able to discriminate VTL values that corresponded to this typical male-female VTL difference. This means that the VTL cue should be available to them to perform a gender categorization task. However, when the synthesis filters were shifted by 6 mm in the basal direction, almost all the participants' JNDs became larger than this typical male-female VTL difference. With such a shift, they would thus become unable to use the VTL cue for gender categorization purposes.
B. Results and discussion
A three-way repeated-measures analysis of variance (ANOVA) was performed on the log-transformed JNDs, with VTL manipulation (elongating and shortening), filter order, and frequency shift as repeated factors. The JNDs were logtransformed to improve the homoscedasticity of the data set and because the adaptive procedure is such that only positive threshold values can be reached, and the step size evolves logarithmically. The VTL manipulation was found to have a small but significant effect on the JNDs [F(1,14) ¼ 5.71, p ¼ 0.03, g 2 G ¼ 0.02]: the average JND measured starting from longer VTLs was 5.21 st, while it was 4.67 st when starting from shorter VTLs. The effect of frequency shift was found to be significant [F(3,42) ¼ 30.56, p < 0.0001, g 2 G ¼ 0.13]: the larger the shift between analysis and synthesis filters, the worse the JNDs were. The order of the filters also significantly affected the JNDs [F(1,14) ¼ 26.54, p < 0.001, g 2 G ¼ 0.11]: sharper filters yielded smaller JNDs, consistent with the findings of Gaudrain and Başkent (2015) . This effect interacted with the frequency shift [F(3,42) ¼ 7.85, p < 0.001, g 2 G ¼ 0.03]: for a shift of 6 mm, the difference between the mean JNDs for the two filter orders was 0.4 st, while when no shift was introduced, the difference between the two filter orders was 2.0 st. This indicates that the broader the channels, the less effect the frequency shift has on VTL JNDs (but note the small effect size). All other interactions were non-significant (p > 0.10).
Systematically increasing the frequency shift led to a decrease in the sensitivity to VTL differences. This finding is compatible with the hypothesis that introducing a frequency shift can hinder access to VTL cues, and is in line with the findings reported by Başkent and Shannon (2004) , Fu and Shannon (1999b) , and Shannon et al. (1998) , where frequency shifts largely reduced vowel recognition scores in those studies. These results thus suggest that the frequency shift that occurs in implants may contribute to the poor VTL JNDs observed in implant users. Figure 4 shows how a VTL difference is represented along the cochlear partition depending on the degree of shift introduced between the vocoder analysis and synthesis filters. When the difference is represented as a function of logfrequency (lower left panel), it appears that the cues are compressed in frequency, which is a tempting explanation as to why the sensitivity was lower in the 6-mm shift case. However, when expressed as a function of equivalent rectangular bandwidth (ERB) number (lower right panel), the difference between the two vocoder conditions becomes minimal. In other words, while physical representations of the signals resulting from the two extreme shift conditions appear to be quite different, basic estimates of the perceptual representations do not display such large differences. It thus seems unlikely that the poor sensitivity to VTL differences observed with 6-mm shift could be explained by a spectral distortion of the VTL cues induced by the shift.
A perhaps more plausible explanation for these results is that the 6-mm shift condition presents speech in an unusual frequency region, where NH listeners may have never been exposed to VTL differences before, unlike the case for the frequency region involved in the 0-mm shift condition. This would be consistent with the findings of Ives et al. (2005) who reported VTL JNDs that were largest for voices with formants falling in the higher frequencies. If this is indeed the case that lack of prior exposure to frequency-shifted speech can explain the present lack of sensitivity to VTL differences in the 6-mm shift condition, then one might venture that training could improve VTL discrimination performance. However, Massida et al. (2013) measured sensitivity to voice gender difference in CI users over 18 months after implantation and observed no improvement over this period of time. Thus, if frequency shift contributes to the reduced VTL JNDs observed in CI users, it seems that this hindrance may not be easily alleviated by unsupervised exposure to speech sounds.
One potential limitation to the above conclusion is that, in the condition with the largest shift, the upper channels correspond to a frequency region that was not assessed in the audiometric test undertaken with the participants. While NH was only assessed up to 8 kHz, the two most basal synthesis FIG. 4 . (Color online) Representation of a VTL difference through matched and shifted analysis and synthesis filters. (Top) Schematic spectra of an artificial, three-formant vowel. The solid line represents the original vowel, and the dashed line represents the same vowel produced with a VTL 1.5 times shorter (equivalent to a À6 st shift). (Middle) Magnitude spectra of the vocoded versions of the same vowels for the eighth-order vocoder, with a frequency shift of 0 mm (left) and 6 mm (right). Note that the frequency axis is expressed in octaves relative to the lower cutoff of the first synthesis filter. (Bottom) These panels show the difference between the solid and dashed lines in the middle row, thus, illustrating how the VTL difference is represented for the two vocoder conditions. The left panel shows the difference as a function of octave frequency relative to the lower cut-off frequency of the first synthesis filter (which is different for 0 mm and 6 mm shift vocoders). The right panel shows the same but with the frequency expressed in equivalent rectangular bandwidth (ERB) number.
filters for a shift of 6 mm spanned from 9.6 to 12.5 kHz, and from 12.5 to 16.3 kHz. It is thus possible that these channels were not clearly audible to the participants. However, because this lack of audibility only concerns two channels that are least likely to carry crucial VTL information, it seems relatively unlikely that audibility alone could explain the effect of frequency shift observed here. Nonetheless, this concern was addressed in experiment 3, such that audiometric thresholds above 8 kHz were measured for all participants.
Moreover, such a limitation would not apply to actual CI users, however, other aspects of the vocoders used in this first experiment might hinder the generalisation of these findings to electric hearing. First, the analysis filterbank used in this experiment has channels that are equidistant in terms of stimulation place along the basilar membrane. In contrast, the filterbanks used in commercial CI processors do not follow this partitioning. In addition, while permitting the systematic assessment of the effect of frequency shift on VTL sensitivity, the vocoders used in this experiment do not accurately mimic how commercial CIs deliver spectral information. This was also addressed in experiment 3, where a more realistic vocoder setup was used.
In this experiment, while the effect of frequency shift on VTL sensitivity was investigated, the effect of band partitioning was not assessed. Hence, the effect of band partitioning on VTL JNDs was studied in experiment 2.
IV. EXPERIMENT 2: EFFECT OF FREQUENCY BAND PARTITIONING ON VTL JNDS
A. Rationale
The aim of this experiment was to investigate the effect of frequency band partitioning on VTL JNDs in vocoder simulations of CI processing. VTL changes are realized as a shift in all formant peaks of the spectral envelope of the signal by the same amount on a log-frequency axis. This means that in order to properly convey such subtle shifts in spectral peaks, the frequency band partitioning in the implant needs to have a sufficiently high resolution in the frequency region where formant peaks are usually represented. Thus, the proposed hypothesis in this experiment is that a filterbank with more channels dedicated to frequencies lower than 3 kHz, where the first formants are encoded, is expected to yield smaller VTL JNDs, compared to a map with fewer channels in that frequency region. For this reason, two such partitioning maps were tested in this experiment, and assigned as the analysis filters: the Greenwood map, which has a higher resolution for frequencies below about 3 kHz, and the linear map, which has a lower resolution in this frequency region (see panel 2 of Fig. 2) . Here, only the effect of frequency partitioning was studied; the synthesis filters were an exact copy of the analysis filters in each condition to remove any effects of frequency mismatch.
B. Methods
Participants
Using same inclusion criteria as in experiment 1, 16 NH young adults (age: 18-30 yr, l ¼ 22.6 yr, r ¼ 3.2 yr), different than those recruited for experiment 1, participated in this experiment. One participant did not return to complete the experiment; their data were excluded from the analyses, resulting in a total of 15 participants (age: 18-30 yr, l ¼ 22.7 yr, r ¼ 3.3 yr), whose data were analysed.
Procedure
The procedure was as described in Sec. II (General Methods), with four administered experimental conditions. These were composed of the 2 types of VTL manipulations (elongating and shortening VTL) Â 2 frequency band partitioning maps (Greenwood and linear). Figure 5 shows the JNDs obtained from the Greenwood and linear partitioning maps tested in this experiment for elongating or shortening VTL.
C. Results and discussion
A two-way repeated measures ANOVA was applied on the log-transformed JNDs, with frequency partitioning map and VTL manipulation as repeated factors. Confirming the hypothesis, the analysis revealed that the linear map was indeed significantly worse than the Greenwood map by about 3.35 st on average [F(1,14) 
A pairwise t-test with false discover rate (FDR) correction for multiple comparisons (Benjamini and Yekutieli, 2001 ) was applied to compare both maps for each VTL manipulation individually. This also revealed that the Greenwood map was significantly better than the linear map for both elongating [t(14) ¼ 6.32, p FDR < 0.0001, d ¼ 4.47 st] and shortening VTL [t(14) ¼ 8.35, p FDR < 0.0001, d ¼ 2.24 st].
The intriguing finding was that the frequency partitioning maps affected the JNDs differently depending on the VTL manipulation type, as indicated by the significant interaction effect between these two factors [F(1,14) 
With the Greenwood map, participants were equally sensitive to longer and shorter VTLs [t(14) ¼ 0.49, p FDR ¼ 0.63, d ¼ 0.27 st], but with the linear map, participants were more sensitive to shorter VTLs than longer VTLs [t(14) ¼ 2.29, p FDR ¼ 0.050, d ¼ 1.96 st] (but note the small effect size and the borderline significant effect). This behaviour is expected for the linear map because it has a smaller number of channels for frequencies below about 3 kHz compared to the Greenwood map. Elongating VTL causes the formant peaks to shift toward lower frequencies compared to shortening VTL, hence, the peaks fall in the region where there is no sufficient spectral resolution to resolve spectral shifts along the lower frequencies.
Overall, these results indicate that the large difference in overall mean JNDs (d ¼ 3.35 st) between the linear and Greenwood partitioning maps for the ideal case simulated in this experiment supports the idea that an optimal frequency partitioning map may, in fact, help improve VTL sensitivity. Since there were only two maps in this experiment, in experiment 3, the Greenwood map was compared to two clinical maps to check whether it would also outperform the mapping available in standard clinical settings.
Moreover, experiment 3 attempts to remedy some of the limitations of experiments 1 and 2 by using more realistic simulations of electrode positions and filter partitioning according to some clinical frequency maps.
V. EXPERIMENT 3: EFFECT OF FREQUENCY MISMATCH AND BAND PARTITIONING ON VTL SENSITIVITY
A. Rationale
Experiments 1 and 2 revealed a significant effect of frequency mismatch and band partitioning on VTL JNDs, respectively. The data showed that the larger the mismatch, the worse the sensitivity to VTL differences became. Moreover, the fewer the channels allocated to the lower half of the frequency partition, the worse the VTL JNDs were.
The aim of this third experiment was to test the combined effect of frequency mismatch and band partitioning on VTL JNDs since this is a more realistic scenario in actual implants. The hypothesis was that a partitioning map with sufficient spectral resolution may still help preserve VTLrelated cues, even under extreme frequency mismatch conditions. If this is the case, then it should manifest as a lack of interaction between the frequency partitioning and the mismatch. To test this, analysis filters were partitioned according to the linear and Greenwood maps used in experiment 2. In addition, to compare the Greenwood map's performance to that of clinical maps, the analysis filters were also partitioned according to the Cochlear and HiRes maps, as defined in Sec. II (General Methods; see panel 3 of Fig. 2) .
To mimic the frequency mismatch observed in actual implants, the synthesis filters were partitioned based on the dimensions of the HiFocus Helix electrode array. This created two mismatch scenarios: a minimal shift if the simulated electrode array is inserted until the proximal marker, and a maximal shift if the array is inserted until the distal marker.
B. Methods
Participants
The same participants who took part in experiment 2 participated in this experiment using the same apparatus and procedure as in experiment 2. Additionally, hearing thresholds between 8 kHz and 16 kHz were also measured with special headphones (Koss R/80 headphones, Koss Corporation, Milwaukee, WI) that were calibrated to a clinical audiometer by EMID (Electro Medical Instruments BV Doesburg, Doesburg, NL). This was done to ensure that participants could hear stimuli components falling in the higher frequency bands resulting from the basal-ward shift in the synthesis filters for the maximal shift condition (see panel 2 in Fig. 2) . Under that setting, the most basal filter band was defined between 12.8 and 14.4 kHz.
Procedure
In this experiment, 16 experimental conditions were administered: 2 VTL manipulation types (elongating or shortening VTL) Â 4 maps (analysis filter settings) Â 2 frequency shift conditions (synthesis filter settings). In the training phase, the two VTL manipulation types were tested using both frequency shift conditions for only the Greenwood map (2 VTL manipulations Â 1 map Â 2 shift conditions ¼ 4 conditions) to familiarize the participants with the procedure.
In addition, at the beginning of each run, a short preview block was provided to familiarize the participants with the VTL manipulation and band partitioning tested in this run. This was done because, based on a pilot experiment, it was observed that participants found this particular experiment too difficult due to the large number of different vocoders that forced them to readjust their strategy constantly. These preview blocks consisted of five words randomly chosen from the NVA corpus. Each word was vocoded using the parameters of the current condition and presented twice on the screen to the participant: once shown in blue to denote the reference VTL voice, and once again in red to indicate the target VTL voice. The participants were asked to listen to the difference between the red and blue versions of each word before the three-alternative forced choice task (3AFC) task began.
C. Results and discussion
The mean JND distribution across participants for each analysis filter partitioning map is shown in Fig. 6 , for minimal versus maximal shift conditions (left panel), and for elongating versus shortening VTL relative to the reference female voice (right panel).
A three-way repeated measures ANOVA was applied on the log-transformed VTL JNDs with analysis filter partitioning, frequency shift, and VTL manipulation type (elongating or shortening) as repeated factors. Consistent with what was found in experiment 1, this analysis revealed a significant, albeit small, effect of frequency shift [F(1,14) ¼ 21.45, p < 0.001, g 2 G ¼ 0.038], such that minimal shift yielded better (smaller) JNDs (l ¼ 7.41 st, r ¼ 3.49 st) compared to the maximal shift condition (l ¼ 8.67 st, r ¼ 3.81 st), irrespective of the analysis filter partitioning map.
In addition, the ANOVA showed a significant effect of frequency partitioning on VTL JNDs [F(3,52) ¼ 19.13, p < 0.01, g 2 G ¼ 0.041], which is in line with what was found in experiment 2, but again with a small effect size.
Only the interaction between the analysis filter partitioning and the VTL manipulation type was found to have a significant effect on VTL thresholds [F(3,42) ¼ 6.81, p < 0.001, g 2 G ¼ 0.025]. This means that some partitioning maps better relay shorter VTLs compared to longer VTLs, while others do not.
No other interaction between the factors was found to significantly affect VTL JNDs: consistent with the proposed hypothesis, the interaction between analysis filter partitioning and frequency shift was not found to be significant [F(3,42) ¼ 1.104, p ¼ 0.358, g 2 G ¼ 0.007]. This means that when sufficient spectral resolution is provided by the band partitioning map, VTL-related cues can still be sufficiently transmitted, even under extreme frequency mismatch conditions.
Pairwise t-tests with FDR correction revealed that only the linear map was significantly worse than the HiRes and Greenwood maps [linear versus HiRes: t(14) ¼ 3.61, p FDR ¼ 0.015, d ¼ 1.74 st; linear versus Greenwood: t(14) ¼ 3.55, p FDR ¼ 0.015, d ¼ 1.58 st], while there was no difference in VTL JNDs between the HiRes, Cochlear, and Greenwood maps, and the linear versus Cochlear maps (p FDR > 0.18 for all comparisons). This suggests that the resolution of the low-frequency components, where formants are defined, is important for the perception of VTL differences, and the clinical maps are not significantly worse than the Greenwood map, at least in simulation.
What is notable is how the different frequency partitioning maps compare to each other when VTL is elongated or shortened relative to the reference voice, as was observed in experiment 2. In the case where VTL was shortened with respect to the reference voice, all four maps appeared to yield similar performance (p FDR > 0.45 for all pairwise comparisons under this condition). However, when VTL was elongated relative to the reference, the linear map yielded significantly worse (larger) JNDs compared to all other maps [linear versus HiRes: t(14) ¼ 4.37, p FDR ¼ 0.006, d ¼ 2.85 st; linear versus Cochlear: t(14) ¼ 2.84, p FDR ¼ 0.047, d ¼ 2.32 st; linear versus Greenwood: t(14) ¼ 5.6, p FDR ¼ 0.001, d ¼ 3.17 st], while there was no difference in performance for all other maps under this condition (p FDR > 0.14). This means that increasing the resolution of the frequency partitioning map for frequencies below about 3 kHz is important for conveying different types of voices. In addition, the clinical maps tested in this experiment appear to convey such voice differences at least as well as the Greenwood map. It is only when the spectral resolution near the lower frequencies becomes sufficiently low, as is the case with the linear map, that transmission of these voice differences becomes compromised.
This behaviour can be explained by looking at the spectra of sounds from the output of each frequency map setup, as shown in Fig. 7 . In the top panel, the spectral envelope of an unvocoded long vowel /A+/ is shown for three different VTL settings. The black solid line represents the vowel /A+/ of the reference speaker. The dotted red and dashed blue lines represent a VTL shift of À6 st (shortening VTL, increasing formant frequency) and þ6 st (elongating VTL, decreasing formant frequency), respectively, as was done in Fig. 4 . In the bottom panel, the spectral envelopes of the vowel are plotted against the synthesis filter frequencies under the minimal shift condition. The green arrows indicate the relative distance between the reference vowel and the VTL-shifted versions for all map conditions in the region around 3 kHz, where most formants are expected to lie. The larger this distance is between the reference and VTL-shifted versions, the easier it should be to differentiate the reference signal from the VTL-shifted one. This distance is much larger for the HiRes, Cochlear, and Greenwood maps compared to the linear map. In the case of the signals examined in Fig. 7 , the 66 st difference in the unvocoded vowel translates to a difference between roughly 3.53 st and 4.74 st when the HiRes, Cochlear, or Greenwood maps are used as FIG. 6 . (Color online) VTL JNDs shown as a function of analysis filter partitioning maps for minimal versus maximal shift (left), and for elongating versus shortening VTL relative to the reference female voice (right). The boxes extend from the lower to the upper quartile, and the middle line shows the median. The filled symbols (circle and square) show the means for maximal and minimal shift conditions, respectively (left), and for elongating and shortening VTL, respectively (right). The details of the boxplot are as described in Fig. 3. analysis filters. However, this 66 st difference is only translated to about a 2.95-st difference if the linear map is applied. These differences were computed as the mean of the semitone difference between the frequencies of the first three peaks in the reference signal, and the corresponding peaks in the VTL-shifted signals. Such an effect may be due to the inherently larger number of bands (12-13 bands) assigned to frequencies below about 3.5 kHz (a higher spectral resolution at those frequencies) for the HiRes, Cochlear, and Greenwood maps compared to the seven bands assigned to those frequencies under the linear map. This may explain the significantly larger JNDs observed for the linear map.
As for VTL JNDs being worse for elongating versus shortening VTL for the linear map, this can be explained by comparing the envelopes produced by the linear map to their unvocoded counterpart. Notice how the shapes of the spectral envelopes in the unvocoded version are somewhat maintained after applying the linear map to the reference voice (black solid line) and to its shortened VTL version (dotted red line). However, when VTL is elongated (dashed blue line), the shape of the spectral envelope is distorted after applying the linear mapping. One might argue that the shape of the envelope is also somewhat distorted for the other three maps, however, the effect of having a larger distance between the VTL-shifted versions and the reference vowel compared to the linear map may provide more salient cues for the detection of VTL differences.
VI. GENERAL DISCUSSION
In this study, the effect of frequency shift and band partitioning on VTL sensitivity were investigated both in isolation (experiments 1 and 2, respectively) and in conjunction (experiment 3). Results from all three experiments showed a dependency of VTL sensitivity on frequency mismatch (shift), filter slope (simulated channel interaction), and frequency band partitioning (spectral resolution near the lower frequencies), in addition to the interaction between the frequency partitioning and VTL manipulation.
Frequency mismatch, implemented as an increasing shift between the analysis and synthesis filters, worsened the sensitivity to VTL. Since formant cues are important for both VTL perception, as well as for vowel identification, a frequency mismatch that affects VTL cues would also be expected to affect vowel identification. Indeed, the findings presented here are consistent with previous vocoder studies that reported a decline in vowel recognition scores as a function of increased frequency shift (Başkent and Shannon, 2004; Fitzgerald et al., 2013; Fu and Shannon, 1999b; Shannon et al., 1998) .
Shallower filter slopes, simulating channel interaction, decreased the sensitivity to VTL differences. This is in agreement with the results reported by Gaudrain and Başkent (2015) for VTL sensitivity, and with those reported by Fu and Shannon (2002) and Shannon et al. (1998) for vowel recognition scores.
Band partitioning, simulated by decreasing the spectral resolution for frequencies below about 3 kHz (where the first three formants are usually represented) led to a reduction in sensitivity to VTL cues. This is consistent with the effect of band partitioning on vowel recognition scores reported in the literature (Fu and Shannon, 2002; McKay and Henshall, 2002; Shannon et al., 1998) . In the current study, the spectral resolution in the lower frequency region seems essential in conveying longer VTLs as efficiently as shorter VTLs. For example, all maps from experiment 3, except for the linear map, yielded similar performance for longer and shorter VTLs. The linear map hindered access to cues from longer VTLs more than for shorter VTLs. This means that if a map has no sufficient spectral resolution in the lower half of its frequency range, then differences between longer and shorter VTLs would not be sufficiently conveyed. In this study, since the reference VTL was that of a female, and transmission of longer VTL cues was impaired, this indicates that gender-related differences in voice cues carried by VTL may be compromised in such situations. Finally, because the effect of band partitioning was independent from that of frequency mismatch, a band partitioning map with sufficient spectral resolution may help mitigate some of the negative effects of mismatch on VTL sensitivity.
It is worth noting that the effects observed here, while statistically significant, had a small effect size and were obtained using only simulations of CI signal processing. Nonetheless, since band partitioning was found to improve VTL sensitivity despite the severity of the mismatch, it may be worthwhile to investigate the effect of band partitioning in CI users.
VII. CONCLUSION
CI users exhibit poor perception of vocal cues, especially VTL, which may be a result of two effects. The first is the frequency mismatch between the frequencies received by the implant and those corresponding to the actual place of stimulation in the cochlea. The second is the poor spectral resolution in the implant arising from suboptimal frequency-toelectrode allocation mapping, which is seldom adjusted for each individual CI user. In this study, VTL JNDs were investigated as a function of frequency mismatch and band partitioning in vocoder simulations with NH listeners. Frequency mismatch was implemented as a shift between the vocoder analysis and synthesis filters, while frequency band partitioning was applied to the analysis filters. VTL JNDs were found to depend on (1) the degree of mismatch and channel interaction between analysis and synthesis filters, (2) the analysis filter band partitioning, and (3) the interplay between the analysis filter partitioning and the VTL manipulation type. In particular, sufficient resolution near the low frequencies of the frequency band partitioning map was found to improve VTL JNDs, irrespective of the degree of frequency mismatch. Thus, this effect of band partitioning may be worthwhile to investigate in CI listeners, since it may likely affect their VTL discrimination as well, and especially that it does not require modifications to actual device design.
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APPENDIX: FREQUENCY BAND PARTITIONING MAPS IN THE LITERATURE
Some of the frequency band partitioning maps proposed in the literature were replotted in Fig. 8 . This was done to help the reader compare the different maps used in the literature because different studies used different representations (equations or different types of figures).
Only a selected number of the frequency partitioning maps described in those studies are shown to aid in visual comparison with the ones chosen for this study [Fig. 8(H) ]. Figure 8(A) shows the three maps used in the study by Shannon et al. (1998) . In that study, a linear and a Greenwood map (Greenwood, 1990) were tested, along with an intermediate map between those two extremes. In Figure 8(B) , only four of the ten maps used by Fu and Shannon (1999b) are depicted. This is because, in that study, the authors defined ten maps that were partitioned according to the Greenwood formula but were systematically shifted away toward more basal frequencies relative to map 1. Figure 8 (C) depicts only four of the six maps defined by Fu and Shannon (2002) , which varied systematically from a purely linear partitioning (map P0) to a purely logarithmic one (map P6). Figure 8 (D) shows only three maps from the ones introduced by McKay and Henshall (2002) . The first seven channels of the evenly spaced map are almost linearly partitioned compared to both the clinical and low-frequency maps. The low-frequency map (empty squares with dashed lines) assigns nine out of the ten channels to low frequencies below 3 kHz, while the last channel spans a large range of frequencies up to 10 kHz, hence the sharp rise in the function. Consequently, this partitioning has a higher resolution at the lower frequencies compared to the evenly spaced map. Figure 8 (E) provides only the most extreme manipulations described by Başkent and Shannon (2004) . Notice also how the partitioning varies from a linear function to a log-like function. Figure 8(F) shows the compressed and matched maps defined by Başkent and Shannon (2005) . Figure 8(G) shows the analysis filter partitioning maps used by Fitzgerald et al. (2013) . The mean-listenerselected map is the mean of all individual maps selected by the participants in a self-fitting procedure, the frequencymatched map is the map matching the synthesis filters of the vocoder used in their experiment to the analysis filters, and the right-information map is based on a standard clinical map. Notice that, on average, participants prefer the map with no mismatch compared to the clinical map, in which the analysis filter partitioning was different than the synthesis filter partitioning. Finally, Figure 8 (H) shows the analysis filter partitioning maps used in the current study.
